Series of orthogonal cutting tests of aluminum alloys have been carried out to investigate the chip formation process and adhesion of the work material to the rake face of the cutting tool under near dry cutting conditions. Almost no adhesion of the work material was observed over a wide range of cutting speed tested when the aluminum alloy was cut with the sintered diamond cutting tool. On the other hand, large amount of adhesion of the work material was observed at low cutting speeds, when cut with the carbide and DLC-coated tools. The amount of the adhered material is reduced with an increase in the cutting speed. The average coefficient of friction on the rake face increases almost in linear relation with the amount of adhesion. The chemical components of the adhered layer were also analyzed by EDS and AES techniques.
Introduction
In order to reduce CO 2 emissions and waste in machining operations, it is essential to reduce the use of cutting oil that accounts for substantial portions of the energy consumption and production of industrial waste. The dry or near dry machining (1) - (5) is therefore the key technology to reduce the use of cutting oil. The most progressing production processes which employ the dry or near dry machining are gear cutting, or hobbing (6) - (9) , and deep hole drilling (10) in the area of steel cutting. On the other hand, the near dry machining has not been much applied to cutting of aluminum alloys (11) - (13) , because the aluminum adheres to the cutting edge of the tool, which leads to breakage of the tools due to jammed chips and degradation of machining accuracy. The aims of the present study are to clarify the cutting phenomenon in the near dry machining of aluminum alloys, and to establish guidelines for appropriate machining method and selection of the tool materials and the machining conditions most suitable for near dry machining.
Series of orthogonal cutting tests of aluminum alloys were carried out here to study the effects of the tool material, the cutting speed, the rake angle and the amount of the cutting oil supplied in MQL upon the formation of adhered layer of aluminum on the rake face of the cutting tool as well as the roughness of the cut surface.
Experimental Method and Conditions
Orthogonal cutting of aluminum alloy was carried out on an engine lathe by employing the longitudinal feed as shown in Fig. 1 . The solid workpiece of aluminum alloy, equivalent to JIS AC2B, is machined to a tube shape as shown in Fig. 2 prior to the cutting tests, and cut with var- Table 1 Composition of workpiece, wt% Table 2 Test conditions ious types of cutting tools of triangular inserts. Table 1 shows the chemical composition of the aluminum workpiece.
The orthogonal chip formation process was filmed from the side by employing a high-speed motion camera as schematically illustrated in Fig. 2 . The cutting force components were measured with a quartz type tool dynamometer, KISTLER Type 9257B. Table 2 gives the test conditions for cutting tests. Three cutting tool materials were selected for the cutting tests, which are sintered carbide tool, diamond like carbon coated (DLC) tool and sintered diamond tool.
Experimental Result and Discussions

1 Observation of adhesion
Figures 3 and 4 show typical photographs of cutting zone taken with the high-speed motion camera when cutting with the carbide tool at a cutting speed of 100 m/min. The line drawings are also added to illustrate the cutting zone clearly. Adhesion can be observed for both rake angles of 0
• and 20
• . In the case of the rake angle of 0
• as shown Fig. 3 , adhesion accumulates as a deposited material, or so called build-up edge. This adhesion repeats a cyclic of growing up to around 0.2 mm and dropping. When the rake angle is over 20
• as shown Fig. 4 , the adhesion does not grow much, but the adhesion of a thin and roughly even layer is observed over the rake face similar to so called Belag. As for the growth and fallout of the buildup edge, it is not clearly seen, but the adhesion seems to be taking place continuously. Thin layer of adhesion is also observed when the cemented carbide tool with a rake angle of 20
• is employed at cutting speeds of 300 m/min and • , cutting speed 100 m/min, feed rate 0.1 mm/rev, quantity of oil mist supplied 20 cc/h) 1 000 m/min. The contact length of the chip with the rake face is short in this cutting edge. Almost no adhesion can be observed when the sintered diamond tool with a rake angle of 20
• is employed at a cutting speed of 100 m/min. Figure 5 shows examples of SEM photographs of the adhered layers on the rake faces of cemented carbide tool and sintered diamond tool after cutting at a cutting speed of 100 m/min. The adhered layer is accumulated on the cemented carbide tool in the form of a layer flowing from the cutting edge in the chip flow direction. On the other hand, the adhesion is observed only near the cutting edge of the sintered diamond tool. It is considered that the adhesion depends on the unevenness of the cutting edge in the case of the diamond tool. In order to investigate the components of adhered layer on the cutting edge of the cemented carbide tool, an EDS, or energy dispersive X-ray spectrometer, analysis was performed over the rake face and the flank face. The aluminum was found to be deposited on the rake face, all the way from the edge to the boundary of the adhered layer, but no adhesion is observed on the flank face. Figure 6 shows an SEM image depicting the part near the cutting edge of the sintered diamond tool, and the results of the EDS analysis. The sintered diamond tool was Table 3 Selected conditions for cutting tests washed in 99.5 vol.% ethanol by applying ultrasonic vibration for five minutes, and was dried in air before SEM and EDS analyses. The figure reveals the presence of small amount of aluminum even in the area without deposition.
2 Effect of tool materials and cutting conditions
The effect of tool materials and cutting conditions on the formation of metal adhesion and finished surface roughness were investigated under selected conditions summarized in Table 3 . The state of adhesion of aluminum workpiece on the tool face was examined after cutting for 2 mm in the feed direction. The amount of adhered layer is represented by the width of the adhered layer on the rake face of the cutting tool as illustrated in Fig. 7 . Figure 8 shows the relationship between the cutting speed and the adhesion widths for different tool materials tested. Almost no adhesion is observed when cutting with the sintered diamond tool. On the other hand, large amount of adhesion is observed when cutting with the cemented carbide tool and DLC-coated tool, but the amount of adhesion decreases as the cutting speed is increased. It is presumed that the decrease in the adhesion layer width caused by an increase in the cutting speed depends on the cutting temperature, but this aspect needs further investigation in the future. Figure 9 shows the relationship between the cutting speed and the finished surface roughness. The surface roughness is maintained at approximately 3 µm in Ry when cut with the sintered diamond tool, while it is much improved with the DLC-coated tool and the cemented carbide tool at higher cutting speeds. The finished surface roughness is improved according to a decrease in the amount of adhesion. It is presumed that the repeated formation and falling-off of adhered metal degraded the characteristics of the finished surface. Based on the charac- teristics of the finished surface, it is understood that good surface quality is obtained regardless the tool material provided that the cutting speed is 300 m/min or more. Figure 10 shows the relationship between the average coefficient of friction between the rake face and the chip and the adhesion width. The average coefficient of friction was estimated based on the cutting force components measured. The average coefficient of friction and the amount of adhesion remain almost proportional to each other, irrespective of the tool materials and cutting speeds. No adhesion is formed when the coefficient of friction is 0.5 or less. The average coefficient of friction is that of the friction between the adhesion surface and chips, and it is presumed to be larger than the one between the cutting tool and chips. Moreover, the magnitude of the coefficient of friction becomes smaller as the adhesion layer width decreases, namely, the cutting speed rises. Figure 11 shows the effect of feed rate on the adhesion width. The amount of adhesion remains almost negligible with the sintered diamond tool regardless of the feed rate, while it increases with an increase in the feed rate in the cases of the cemented carbide tool and DLC-coated tool. Additional cutting experiments were conducted with the cemented carbide tool by varying the conditions shown in Table 3 . Figure 12 shows the effects of the rake angle and the rake face roughness on the adhesion width. Figures 13-15 show the effects of the lubrication conditions. It is understood from this experiment that the adhesion is not improved even when the cutting fluid is applied, or in wet cutting. It is slightly improved when small amount of mist is present. It is understood that the adhesion is not much reduced by changing the lubrication conditions and the roughness of the tool rake face as long as the cemented carbide tool is employed.
3 Detailed analysis of observed layer
An AES, or Auger Electron Spectrometer, analysis was performed where the adhered layer was formed. Figure 16 shows the results of AES analysis of the cemented carbide tool, and Fig. 17 shows those of the sintered diamond tool. Figure 16 shows the results of investigation at the interface between the adhered metal and the cutting tool. The left-hand part of the figure shows the results of an analysis performed on the components of Al, Si, W, C, and O, while removing the adhered metal by sputtering. In the case illustrated above, the interface is considered to be present at around 45 minutes of sputtering time. At this point, aluminum decreases gradually, and this phenomenon seems to be dependent on the surface roughness of the observed area. No oxygen is found in the neighborhood of the cutting edge of the cemented carbide tool • , cutting speed 100 m/min, feed rate 0.1 mm/rev, quantity of oil mist supplied 20 cc/h) between the rake face of the tool and the adhered layer. And almost no Si nor O was detected. The cemented carbide tool and the aluminum are welded to each other at their interface. On the other hand, the oxygen is found at the tail of the adhered layer, which is 0.4 mm away from the cutting edge, and it is likely that some oxide may have been deposited at the interface between the rake face and the adhered layer.
In the case of the sintered diamond tool (refer to Fig. 17) , there is no contamination by oxide nor carbides at the interface, which is similar to the case near the cutting edge of the cemented carbide tool.
When adhesion is formed, it is presumed that oxygen is present in the proximity of the point of separation between the cutting tool and the chips, and that the oxide plays some role in formation of the adhesion.
Conclusions
Series of orthogonal cutting tests of aluminum alloy were carried out with cemented carbide, DLC-coated and sintered diamond cutting tools for a wide range of cutting conditions. The chip formation process was observed by employing a high-speed motion camera, and the adhered layers of aluminum on the face of the cutting tools were carefully analyzed by EDS and AES techniques. The following remarks are concluded;
( 1 ) When the aluminum alloy is cut with the sintered diamond tool, almost no adhesion of the work material is observed on the rake face of the tool over a wide cutting speed range tested, and good surface is obtained.
( 2 ) The aluminum is adhered on the rake face of the tool when cut with the carbide tool, and the amount of the adhered layer is reduced with an increase in the cutting speed. The roughness of the cut surface is improved accordingly. The surface roughness is kept at almost 2 µm in Ry for a cutting speed range from 300 to 1 000 m/min, which is better than that obtained by the sintered diamond tool. The DLC-coated tool shows similar results with those obtained by the carbide tool.
( 3 ) The nominal coefficient of friction on the rake face obtained by the cutting force components measured increases almost in linear relation with the amount of adhesion. When the coefficient of friction is 0.5 or less, almost no adhesion is observed.
( 4 ) The adhered substance on the face of the carbide tool consists of deposit of the newly generated surface of aluminum in the proximities of the cutting edge, but as it goes further from the cutting edge, oxygen is detected and is deposited in the form of an oxide.
